Euonymus alatus diacylglycerol acetyltransferase (EaDAcT) catalyzes the transfer of an acetyl group from acetyl-CoA to the sn-3 position of diacylglycerol to form 3-acetyl-1,2-diacyl-sn-glycerol (acetyl-TAG). EaDAcT belongs to a small, plant-specific subfamily of the membrane bound O-acyltransferases (MBOAT) that acylate different lipid substrates. Sucrose gradient density centrifugation revealed that EaDAcT colocalizes to the same fractions as an endoplasmic reticulum (ER)-specific marker. By mapping the membrane topology of EaDAcT, we obtained an experimentally determined topology model for a plant MBOAT. The EaDAcT model contains four transmembrane domains (TMDs), with both the N-and C-termini orientated toward the lumen of the ER. In addition, there is a large cytoplasmic loop between the first and second TMDs, with the MBOAT signature region of the protein embedded in the third TMD close to the interface between the membrane and the cytoplasm. During topology mapping, we discovered two cysteine residues (C187 and C293) located on opposite sides of the membrane that are important for enzyme activity. In order to identify additional amino acid residues important for acetyltransferase activity, we isolated and characterized acetyltransferases from other acetyl-TAG-producing plants. Among them, the acetyltransferase from Euonymus fortunei possessed the highest activity in vivo and in vitro. Mutagenesis of conserved amino acids revealed that S253, H257, D258 and V263 are essential for EaDAcT activity. Alteration of residues unique to the acetyltransferases did not alter the unique acyl donor specificity of EaDAcT, suggesting that multiple amino acids are important for substrate recognition.
INTRODUCTION
The membrane-bound O-acyltransferase (MBOAT) family consists of integral membrane enzymes that catalyze the transfer of the fatty acid moiety from an acyl-CoA to a variety of lipid and protein substrates (Hofmann, 2000) . Most characterized MBOATs acylate lipids. For example, acylCoA: cholesterol acyltransferases (ACAT) attach fatty acids to cholesterol (Chang et al., 1993a) , and type 1 diacylglycerol acyltransferases (DGAT1) acylate the sn-3 position of diacylglycerol (DAG) to form triacylglycerols (TAG; Cases et al., 1998) . Other enzymes are involved in the remodeling of the fatty acid composition of membranes through their activity towards lysophospholipids (Shindou and Shimizu, 2009 ). Additionally, a few MBOATs transfer fatty acids to protein and peptide substrates, typically to activate biological function. This group includes the mouse enzyme Porcupine that adds the monounsaturated fatty acid palmitoleate to a key serine of Wnt-3a in order for this signaling protein to be secreted (Takada et al., 2006) . Similarly, Hedgehog acyltransferase (Hhat) palmitoylates Sonic Hedgehog as part of the signaling protein's post-translational processing (Buglino and Resh, 2008) . Ghrelin O-acyltransferase (GOAT) adds octanoic acid to the hormone peptide ghrelin, thus allowing it to stimulate weight gain and modulate glucose metabolism (Gutierrez et al., 2008; Yang et al., 2008) .
The Euonymus alatus diacylglycerol acetyltransferase (EaDAcT) catalyzes the acetylation of the sn-3 hydroxyl group of DAG to form 3-acetyl-1,2-diacyl-sn-glycerol (acetyl-TAG; Durrett et al., 2010) . The presence of an acetyl group instead of a longer fatty acyl group gives acetyl-TAG altered physical properties compared with regular triacylglycerols (here referred to as lcTAG), including reduced viscosity and lower melting temperatures (Durrett et al., 2010; Liu et al., 2015) . The preferred substrate of EaDAcT is DAG, but it is also capable of acetylating fatty alcohols to form alkyl acetates, albeit with reduced efficiency (Bansal and Durrett, 2016a; Ding et al., 2016) . This weak wax synthase activity is consistent with the enzyme's sequence similarity to the jojoba wax synthase, which distances EaDAcT from the DGAT1 enzymes with which it shares a common DAG substrate (Durrett et al., 2010; Liu et al., 2015) .
Despite the biological importance of MBOATs, knowledge of molecular mechanisms controlling substrate selection and the mechanism of acyltransferase reaction remain ambiguous due to the lack of a high-resolution protein structure. The highly hydrophobic nature of MBOATs hinders structural study of the enzymes using conventional approaches such as crystallography and nuclear magnetic resonance. Therefore, MBOAT structural information currently relies on determining the membrane topology of the proteins, including the number of transmembrane segments and their orientations relative to the membrane. While such topologies for several mammalian MBOATs have been mapped (Guo et al., 2005; McFie et al., 2010; Rios-Esteves et al., 2014; Matevossian and Resh, 2015) , similar studies for plant MBOATs have not yet been performed.
In this study, we employed multiple experimental approaches to determine the membrane topology of EaDAcT and generate a topology model for a plant MBOAT. We also isolated additional acetyltransferases from other acetyl-TAG-producing species that together possess a range of enzyme activity levels. The sequence diversity of these acetyl-TAG synthesizing enzymes provided insights into functional residues important for acetyltransferase activity. Through site-directed mutagenesis, we identified various amino acids essential for the acetyltransferase activity of EaDAcT. Together, this work provides an initial view of the features of EaDAcT important for the enzyme's activity.
RESULTS

EaDAcT localizes to the endoplasmic reticulum (ER)
As the synthesis of acetyl-TAG occurs in a manner analogous to that of regular TAG (Milcamps et al., 2005) , we hypothesized that EaDAcT is also localized to the ER, the site of TAG biosynthesis (Huang, 1992) . To confirm the subcellular localization of EaDAcT in yeast, we separated cellular extracts from yeast expressing a hemagglutinin (HA) epitope-tagged version of EaDAcT using sucrose gradient fractionation. In the absence of Mg
2+
, EaDAcT abundance mirrored that of the ER protein Sec61 with both proteins most abundant in the fifth fraction from the top of the gradient (Figure 1 ). In the presence of Mg 2+ , the accumulation of both proteins shifted to a heavier fraction. In contrast, the plasma membrane protein Pma1 was most
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EaDAcT-HA Fraction 1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11 (a) . These results suggest that when expressed in yeast, EaDAcT associates with the ER membrane but not the plasma membrane.
Both termini of EaDAcT are exposed to the lumen EaDAcT was previously predicted to be a multipass transmembrane protein (Durrett et al., 2010) . Different transmembrane domain (TMD) prediction algorithms used to predict topology of other MBOATs (Claros and von Heijne, 1994; Deber et al., 2001; Jones, 2007; Shen and Chou, 2008; Viklund and Elofsson, 2008; Nugent and Jones, 2012; Tsirigos et al., 2015; Peters et al., 2016) also indicated multiple TMDs present in EaDAcT (Table S1 ). According to these predictions, EaDAcT possessed either an even or odd number of transmembrane segments, resulting in different orientations of the N-and C-termini relative to the membrane. However, four TMDs corresponding to amino acids 10-30, 157-177, 240-260, 309-333 were consistently predicted with high scores, even by different algorithms. We used protease protection assays to experimentally determine the orientation of the N-and C-termini of EaDAcT. Similar methods have been successfully used to map the topology of several multipass membrane proteins (Romano and Michaelis, 2001; Paul et al., 2007; Konitsiotis et al., 2015; Matevossian and Resh, 2015) . To implement this approach, we fused the N-and C-termini of EaDAcT with Myc and HA epitope tags, respectively. The in vitro acetyltransferase activity of the tagged EaDAcT protein (Myc-EaDAcT-HA) was comparable to that of native EaDAcT ( Figure S1a ). In addition, expression of the epitope-tagged protein in a yeast H1246 quadruple mutant unable to synthesize TAG (Sandager et al., 2002) resulted in accumulation of acetyl-TAG but not regular long-chain TAG ( Figure S1b ). Together, these results indicate that fusion of epitope tags to the N-and C-termini of EaDAcT does not alter the activity and the native structure of the enzyme.
To map the orientation of the N-and C-termini of EaDAcT, we isolated intact right-side-out microsomes from yeast expressing Myc-EaDAcT-HA and monitored accessibility of the epitope tags to proteinase K. In the absence of proteinase K, EaDAcT migrated as a single 40-kDa band as predicted for EaDAcT in a monomeric form (Figure 2 , lane 1). Exposure to proteinase K followed by immunoblotting with anti-HA antibodies resulted in reduced levels of fulllength EaDAcT and the generation of an approximately 30 kDa fragment ( Figure 2 , lane 2). Immunoblotting to detect the Myc epitope after proteinase K treatment of microsomes resulted in a smaller 17 kDa fragment with a strong signal (Figure 2 , lane 2). Importantly, treatment with both detergent and proteinase K resulted in undetectable signal of Myc-EaDAcT-HA, suggesting that the treatment duration was sufficient for complete digestion of Myc-EaDAcT-HA when not protected by the membrane (Figure 2, lane 3) . These results therefore indicate that both the Myc and HA epitope tags at the N-and C-termini of EaDAcT were located in the ER lumen where they were protected by the lipid bilayer membrane and thus inaccessible to proteinase K. In the absence of detergent, Kar2 was not accessible to proteinase K and its levels remained the same as in untreated microsomes ( Figure 2 , lane 2), confirming that microsomes remained intact during the isolation process. In the presence of both detergent and proteinase K, the levels of Kar2 decreased (Figure 2, lane 3) ; it remains unclear why some protein remains under conditions that successfully eliminated EaDAcT.
Multiple cysteine residues are required for EaDAcT activity
The luminal nature of both the N-and C-termini of EaDAcT suggested that the protein possesses an even number of TMDs. We employed an approach that relies on the chemical modification of cysteine residues (Guo et al., 2005; Liu et al., 2011) to determine the topology of the remainder of the protein. Substituting all nine endogenous cysteine residues with alanine (EaDAcT-C 0 A) resulted in a mutant with only 10% activity of the native protein ( Figure S2 ), suggesting that at least some of the cysteine residues are important for EaDAcT activity. This result was unexpected as the removal of cysteine residues from other MBOAT proteins, such as human acyl-coenzyme A: cholesterol acyltransferase 1 (ACAT1), allowed the enzymes to retain 40% of wild-type activity (Lu et al., 2002) . An attempt to restore activity by substituting the structurally similar amino acid serine in place of cysteine was also unsuccessful; in fact, lower levels of protein accumulation suggested the EaDAcT-C 0 S mutant was more unstable ( Figure S2a ). Therefore, to determine which particular cysteine(s) is important for EaDAcT activity, we reintroduced individual residues to the EaDAcT-C 0 A protein. Among these variants, the EaDAcT-C187 (containing a single cysteine at position 187) showed the highest in vitro activity with 45% that of the native protein ( Figure S2b ). Replacement of C187 in the wild-type protein by alanine reduced EaDAcT enzyme activity by 90%, confirming the importance of C187 (Figure S3b) . As the reintroduction of C187 to the cysteine-less enzyme did not fully restore all enzyme activity, we hypothesized that EaDAcT must rely on multiple cysteine residues for full activity. Indeed, reintroduction of both cysteine 187 and cysteine 293 restored activity to 85% of the wild-type protein (Figure 3a) , indicating that these two residues are particularly important for EaDAcT activity. Most of the other EaDAcT mutants containing two cysteine residues showed activity comparable to that of EaDAcT-C187, but some combinations such as EaDAcT-C102-C187, EaDAcT-C284-C187 and EaDAcT-C361-C187 possessed lower activity ( Figure S2b ).
EaDAcT possesses four TMDs
We initially determined the membrane orientation of C187 and C293 in three different cysteine mutants with a range of activities, to test whether the changes in activity are caused by alterations in membrane topology. We isolated right-side-out microsomes from yeast expressing EaDAcT-C187 (45% WT activity), EaDAcT-C293 (18% activity) and EaDAcT-C187-C293 (85% activity). Modification of Kar2, which contains one cysteine, by N-ethylmaleimide (NEM) and methoxy polyethylene glycol maleimide (mPEG-mal) was used as a control for the intactness of the microsome vesicles. In the absence of detergent, a Kar2 band shift was not observed, suggesting that Kar2 was protected from mPEG-mal modification by the membrane (Figure 3b , lanes 2 and 3). However, when the vesicles were disrupted and NEM was absent, mPEG-mal crosslinked to Kar2 as evidenced by a band shift (Figure 3b, lane 4) . EaDAcT-C187 showed the same pattern as Kar2, suggesting that C187 was luminal (Figure 3b ). In contrast, when EaDAcT-C293 was exposed to mPEG-mal, a band shift was readily observed in the absence of detergent, indicating that C293 is exposed to the cytosol (Figure 3b ). When EaDAcT-C187-C293 was analyzed, a band shift was observed in the absence of detergent ( Figure 3b , lane 2) and is attributable to one mPEG-mal modification, consistent with modification of C293. In contrast, when the microsomes were disrupted with detergent, a different band with a greater shift was observed without NEM blocking, consistent with modification of both C187 and C293 ( Figure 3b , lane 4). This result confirms that C187 and C293 are located on opposite sides of the membrane, with C293 cytosolic and C187 luminal. Importantly, we obtained congruous results using EaDAcT variants with different activity levels, suggesting that despite the varied activity level of the cysteine substitution mutants, the topology of EaDAcT protein structure was likely reflective of the native protein.
The ability to differentiate more than one modified cysteine via multiple band shifts ( Figure 3b ) allowed us to map the localization of the soluble loops between predicted TMDs using additional EaDAcT mutants, each containing C187 and one other appropriately placed cysteine. We decided to include C187 in these two-cysteine mutants so as to maintain the activity of the mutants at a level at least equal to that of the EaDAcT-C187 mutant (Figure S2b) . In order to localize some segments lacking endogenous cysteine, we constructed EaDAcT-A52C-C187 and EaDAcT-S122C-C187, which contained novel cysteine residues introduced by amino acid replacement, and which were expressed at levels comparable to that of the wildtype EaDAcT ( Figure S2a ). In these experiments, we assumed that C187 was luminal and the positions of the other cysteine residues were determined by looking for additional band shifts. Based on the mPEG-mal modification patterns of various EaDAcT two-cysteine variants (Figure 4) , we conclude that luminal cysteine residues include C179 and C187. Cytosolic cysteine residues include A52C, C102, S122C, C284 and C293. We also determined the membrane orientation of C179 when present as singlecysteine variant ( Figure S4 ), which was consistent with the results obtained when C187 was also present (Figure 4 ). The inability of NEM to block C165 and C166 suggests that these residues are embedded in the membrane. A model for EaDAcT topology consistent with these results is proposed in Figure 5 .
Seeds from divergent plant species produce acetyl-TAG
We were interested in identifying residues important for the extreme substrate specificity of EaDAcT, which preferentially uses the shortest acyl-CoA, acetyl-CoA. We hypothesized that residues important for acetyltransferase activity are conserved among DAG acetyltransferase enzymes present in the phylogenetically diverse species that produce acetyl-TAG. Most of these species belong to the Celestraceae plant family (Euonymus and Celastrus species); others are members of the Ranunculales and Ericales orders (Kaufmann and Keller, 1948; Bagby and Smith, 1967) and therefore are distantly related to the Celestraceae family. The presence of acetyl-TAG in seeds of Celastrus scandens, E. bungeanus, E. atropurpureus, E. fortunei, E. kiautschovicus and Adonis aestivalis was confirmed by electrospray ionization mass spectrometry (ESI-MS). In all species except for A. aestivalis, acetyl-TAG are the major storage lipids present while regular TAG are present at relatively low levels in endosperm tissues (Figure S5) . Interestingly, while regular TAG predominate in the aril layer of E. bungeanus and E. atropurpureus, the aril layer of E. fortunei, E. kiautschovicus and C. scandens contained mostly acetyl-TAG ( Figure S5 ). Similar results were previously observed in E. europaeus, E. verrucosus and E. maximowiczianus, where the abundance of acetyl-TAG in seeds and arils varied from species to species (Sidorov et al., 2013) .
EaDAcT-PEG . Orientation of Euonymus alatus diacylglycerol acetyltransferase (EaDAcT) cysteine residues relative to the endoplasmic reticulum membrane. Right-side-out microsomal membranes were prepared from yeast expressing variants of EaDAcT-hemagglutinin (HA) containing two cysteine residues. Thiol-specific modification of these double cysteine EaDAcT mutants was performed, and changes to EaDAcT-HA and Kar2 were detected using immunoblotting. The results shown are representative of at least two independent experiments.
Novel orthologs of EaDAcT possess acetyltransferase activity
We identified the acetyltransferases responsible for the synthesis of acetyl-TAG in these species by isolating RNA from seed tissues and cloning expressed genes that were similar to EaDAcT. We then expressed these genes in H1246 yeast and analyzed lipid extracts to demonstrate that all enzymes were capable of synthesizing acetyl-TAG (Figures 6a and S6 ). Similar to EaDAcT (Durrett et al., 2010) , no long-chain TAG was detected in the lipids extracted from yeast expressing these new DAcT enzymes ( Figure S6 ). These acetyltransferases varied in their ability to produce acetyl-TAG. For example, yeast expressing EfDAcT accumulated the highest amount of acetyl-TAG with 28.7 nmoles per mg DW, 6.7 times higher than the levels achieved through expression of EaDAcT (Figure 6c ). In general, the in vivo accumulation of acetyl-TAG reflected the in vitro activity levels, with EfDAcT and EkDAcT showing higher activity compared with the other tested DAcT homologs ( Figure 6c ). We quantified acetyltransferase protein levels present in the microsomes by immunoblotting against the HA epitope fused to the C-terminus of all proteins and normalizing to the abundance of Sec61 present in the yeast microsomes (Figure 6d ). In some cases, the variation in in vitro enzyme activity of the homologs can be partially attributed to differences in protein accumulation in the microsomes, but other factors likely also have an effect.
DAcT proteins are distantly related to DGAT1 proteins
Consistent with their sequence similarity to EaDAcT, phylogenetic analysis indicated that the newly isolated DAcTs are more closely related to the Simmondsia chinensis (jojoba) wax synthase (ScWS) and Arabidopsis sterol acyltransferase (AtASAT1) than to DGAT1 proteins, which also acylate DAG ( Figure S7 ). All the newly isolated DAcTs cluster together, except for AaDAcT, which like ScWS and AtA-SAT1 appears to have diverged away from the DAcT cluster. A protein sequence alignment of these proteins revealed that the N-terminal region present in DGAT1 is absent from DAcTs, ScWS and AtASAT1 ( Figure S8 ). In addition, the MBOAT homeodomain is highly conserved among the sequences with the invariant histidine embedded in a long stretch of hydrophobic residues ( Figure S8 ).
Effects of mutagenesis on conserved residues
We further analyzed the protein sequence alignment of DAcTs and jojoba wax synthase with the Conserved Property Difference Locator program (Mayer and Shanklin, 2007) to identify functionally different amino acids that distinguish the acetyltransferases from the long-chain acyltransferases. We were interested to determine whether these amino acid residues may be responsible for the difference in acyl-CoA substrate usage between these different types of MBOATs, though such comparisons are complicated by the relatively low sequence identity and similarity between the groups. Two potential amino acid positions conserved in all DAcT enzymes were identified: glutamine 150 (Q150) is replaced by a negatively charged glutamate in ScWS and AtASAT1; and serine 222 (S222), which is substituted by non-polar residues. However, replacement of Q150 and S222 by serine and leucine residues, respectively, while reducing the acetyltransferase activity of EaDAcT (Figure S9a) , did not switch EaDAcT to being able to use long-chain acyl-CoA as a substrate ( Figure S9b) .
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Additional comparisons of the MBOAT homology domains in the different acyltransferases identified four other residues of interest: S253, H257, D258 and V263. The first two of these, S253 and H257, are highly conserved in the MBOAT family. In addition, the homologous serine residues in ACAT1 and Porcupine were shown to be essential for activity (Das et al., 2008; Rios-Esteves et al., 2014) . Similarly, the conserved histidine residue is necessary for enzyme activity in many other MBOATs (Guo et al., 2005; Buglino and Resh, 2010; McFie et al., 2010; Rios-Esteves et al., 2014) . Consistent with these earlier results, replacement of S253 and H257 with alanine abolished EaDAcT enzyme activity, revealing the essential role of these residues (Figure 7a ). The aspartate residue (D258) adjacent to the highly conserved H257 was intriguing given the conserved negative charge at this location and the potential role of such residues in a proposed catalytic triad serinehistidine-aspartate of ACAT1 (Das et al., 2008) . Substitution of D258 with alanine eliminated acetyltransferase activity (Figure 7b ). Replacing D258 with asparagine to maintain a similar-sized residue also greatly reduced in vitro activity, further demonstrating the importance of a negative charge at this position. Substituting D258 with glutamate to maintain a negative charge reduced acetyltransferase activity to 38% of the wild-type enzyme, indicating that the charge spacing is also important for maximal activity. This D258E mutation makes EaDAcT more similar to the sequences of acyltransferases that transfer long-chain acyl-CoA; however, the altered enzyme still does not possess the ability to synthesize lcTAG ( Figure S10 ). Finally, the MBOAT homology domain in the acetyltransferases contains an additional amino acid, V263. Deletion of this residue to make the enzyme more like the acyltransferases that utilize long-chain acyl-CoAs eliminated in vitro acetyltransferase activity and had a negative effect on the stability of the mutant protein (Figure 7a ). The ΔV263 mutant did not possess long-chain acyltransferase activity ( Figure S10 ). We constructed the D258E ΔV263 double mutant to make EaDAcT even more similar to long-chain acyltransferases; however, this mutant did not restore protein stability (Figure 7a ) or result in long-chain acyltransferase activity ( Figure S10 ). 
DISCUSSION
Membrane localization and orientation of EaDAcT
The ER localization of yeast-expressed EaDAcT (Figure 1) is consistent with the similar localization of DGAT enzymes, which also synthesize TAG (Shockey et al., 2006; Stone et al., 2009) . Instead of a C-terminal dilysine motif present in many other ER resident proteins (Benghezal et al., 2000) , EaDAcT possesses two potential pentapeptide ER retrieval motifs of the type -/-X-X-K/R/ D/E-/-, where / is any large hydrophobic amino acid residue (McCartney et al., 2004) . Such motifs have previously shown to be important for the ER retention of tung tree (Vernicia fordii) DGAT enzymes, which also lack C-terminal dilysine motifs (Shockey et al., 2006) . Of the two pentapeptide sequences present in the C-terminal region of EaDAcT, only the sequence VREKI is conserved in other DAcTs ( Figure S7 ), suggesting this particular pentapeptide might be important for the ER retention of the enzyme.
We tested the validity of different membrane topology predictions for EaDAcT (Table S1 ) with a combination of protease protection (Figure 2 ) and cysteine-modification assays (Figures 3 and 4) to generate an experimentally verified topology model for a plant MBOAT ( Figure 5 ). In this model, EaDAcT spans the membrane lipid bilayer four times with both the N-and C-termini located in the ER lumen. Where these are known, the orientations of the termini of other MBOAT proteins do not fall into a predictable pattern. Both N-and C-termini can be cytoplasmic as for tung tree DGAT1 and Hhat (Shockey et al., 2006; Konitsiotis et al., 2015; Matevossian and Resh, 2015) or they can be located on opposite sides of the membrane with either terminal located toward the cytoplasm, such as murine DGAT1, ACAT1, Porcupine and GOAT (Guo et al., 2005; McFie et al., 2010; Taylor et al., 2013; Rios-Esteves et al., 2014) .
A particularly noticeable feature of the topology of EaDAcT is the relatively large cytosolic loop of 125 amino acids between the first and second TMDs ( Figure 5 ). Any potential TMDs in this region were only weakly predicted by some algorithms (Table S1 ). Further, the~30 kDa EaDAcT-HA fragment (Figure 2 ) is likely due to proteinase K cleavage in this region ( Figure 5) , and experimental evidence demonstrating the cytoplasmic localization of A52, C102 and S122 (Figure 4a ) argues for the absence of any TMDs from residues 31-156. It is possible that portions of this region form an interfacial helix, similar to those found in other MBOATs (Taylor et al., 2013; Matevossian and Resh, 2015) . Indeed, parts of this segment might be partially protected from proteinase K as evidenced by~17 kDa Myc-EaDAcT fragment (Figure 2) , which results from cleavage close to the second predicted TMD (Figure 5 ). Fine topology determination focusing on additional residues between those mapped will be needed to identify other such structural features.
The first TMD from amino acids 10-30 was predicted by all algorithms with high probability (Table S1) , and was confirmed by the luminal orientation of a Myc epitope tag fused to the N-terminus of EaDAcT (Figure 2 ) and the cytosolic orientation of a cysteine residue substituted in place of A52 (Figure 4) . The absence of a canonical N-terminal signal peptide suggests that this region may also serve as an uncleaved signal-anchor sequence that directs the binding of nascent protein to the ER and initiates cotranslational insertion (Wessels and Spiess, 1988) . The placement of the second, third and fourth TMDs is supported by experimental evidence that locates C179 and C187 in the lumen, followed by C284 and C293 in the cytosol and the C-terminus in the lumen (Figure 4) . The hydrophobic MBOAT signature region that contains the putative histidine active site is situated in the third TMD, consistent with ACAT1 and Porcupine topology models (Guo et al., 2005; Rios-Esteves et al., 2014) . This TMD consists of 35 amino acid residues and is comparable to the size of the homologous TMD in ACAT1, Porcupine and Hhat (Guo et al., 2005; Rios-Esteves et al., 2014; Matevossian and Resh, 2015) . Interestingly, the C-terminal region of this TMD contains a high proportion of aromatic residues including a histidine and three tyrosine residues known to preferentially reside at the lipid bilayer/water interface in a-helical integral membrane proteins (Ulmschneider and Sansom, 2001 ). In contrast, MBOATs that use long-chain acyl-CoA as acyl donor substrates do not possess similar sequences ( Figure S7 ). This aromatic-rich signature suggests that this region including the proposed histidine active site may be in close proximity with the cytoplasm and thus readily accessible by the cytosolic acetyl-CoA substrate.
EaDAcT and homologs from other acetyl-TAG-producing species all lack the long hydrophilic N-terminal region present in DGAT1 enzymes ( Figure S7 ). However, as both the closely related jojoba wax synthase and an Arabidopsis sterol acyltransferase also lack this hydrophilic N-terminal region but use long-chain acyl-CoA as substrates (Lardizabal et al., 2000; Chen et al., 2007) , this region is not important for determining acyl donor substrate specificity. Instead, in Brassica napus DGAT1 this hydrophilic region has been shown to interact with long-chain acyl-CoA in a positive cooperative fashion (Weselake et al., 2006) . The absence of this region therefore might explain why EaDAcT possesses a non-cooperative response to acetylCoA concentration (Bansal and Durrett, 2016a) , whereas DGAT1 enzymes possess a positive cooperative response to oleyl-CoA (Roesler et al., 2016) , though additional quantification of EaDAcT activity at lower concentrations of acetyl-CoA is needed to confirm the enzyme's non-cooperative kinetics.
Isolation of DAG acetyltransferases from other acetyl-TAGproducing species
In order to obtain more information about the residues important for the extreme acyl donor substrate specificity of EaDAcT, we isolated additional acetyltransferases from plant species that accumulate acetyl-TAG. All the newly identified DAcT enzymes were able to synthesize acetyl-TAG in vitro and in vivo, although some such as EfDAcT and EkDAcT possessed higher activity compared with others ( Figure 6c ). This higher activity of EfDAcT and EkDAcT allowed yeast cells expressing these enzymes to accumulate considerably higher levels of acetyl-TAG during culture growth, compared with the other acetyltransferases (Figure 6b) , though other factors such as increased protein stability at different stages of culture growth still need to be determined. These results suggest that EfDAcT and EkDAcT might be useful enzymes for the biotechnological production of acetyl-TAG in transgenic oil seed crops or oleaginous yeast. Like EaDAcT, these new acetyltransferases are distantly related to DGAT1 proteins, despite the fact that both classes of enzymes are able to acylate DAG. Instead, the DAcTs are closely related to enzymes that acylate fatty alcohols and sterols ( Figure S7 ).
Residues important for acetyltransferase activity
The acyltransferase mechanism of the MBOAT family is largely unknown due to the lack of structural information. One attractive hypothesis is the involvement of a serinehistidine-aspartate catalytic triad proposed to catalyze the acyltransferase reaction in ACAT1 (Das et al., 2008) and present in other enzymes involved in lipid metabolism, including lipases and acyltransferases (Winkler et al., 1990; Brumlik and Buckley, 1996) . For some enzymes, glutamate functions in place of aspartate as the acidic group (Schrag et al., 1991) . Our mutagenesis data show that S253, H257 and D258 are essential for the enzyme activity of EaDAcT (Figure 7) . Consistent with these observations, S253 and H257 in EaDAcT are homologous to the serine and histidine residues in the putative catalytic triad of ACAT1 (Das et al., 2008) . In many acyltransferases, including ACAT1, a glutamate replaces D258 but the role of this residue was not tested in ACAT1. Instead, an aspartic residue corresponding to E197 in EaDAcT was proposed to participate in ACAT1 0 s catalytic triad (Das et al., 2008) . However, an acidic group is not present in this position in AtASAT1 ( Figure S8 ), casting some doubt on whether this residue participates in a conserved catalytic mechanism. Instead, the low activity of D258A and D258N (Figure 7b ) and the high conservation of aspartate or glutamate in analogous positions in acyltransferases ( Figure S8 ) suggest the importance of a negative charge at D258. Further, the D258E mutants that retained that negative charge possessed approximately 50% lower activity, indicating that the spacing of a negative charge is important for activity in EaDAcT (Figure 7b ). Consistent with this result, AaDAcT, which is more similar to long-chain utilizing acyltransferases ( Figure S7 ), possesses a glutamate instead of aspartate at position 258, possibly explaining this enzyme's weak acetyltransferase activity (Figure 6 ).
Another unique and highly conserved residue among the DAcTs is the additional valine at position 263 in EaDAcT. Deletion of this valine residue significantly reduces the stability of EaDAcT (Figure 7a ). This result is consistent with the low stability of AaDAcT when expressed in yeast (Figure 6d) , and suggests that this valine residue is important for DAcT protein stability. However, further mutagenesis on AaDAcT is needed to justify this assumption.
The role of cysteine in the enzymatic activity of MBOATs has not been studied intensively. A study on human ACAT1 showed that although thiol-specific modification severely inhibits the enzyme activity, the cysteine-free enzyme still possesses 40% of the activity levels of the wild-type protein (Lu et al., 2002) . In contrast, the enzyme activity of EaDAcT was greatly reduced when all nine endogenous cysteine residues of the protein were mutated to alanine. The two residues most important for activity, C187 and C293 (Figure 3a) , are highly conserved in all DAcT orthologs except for AaDAcT ( Figure S8 ). It is unlikely that these two cysteines together form a structurally important disulfide bond as they are located on opposite sides of the lipid bilayer membrane (Figure 4b ).
In summary, we have identified a number of amino acid residues important for the activity of EaDAcT, a plant MBOAT with extreme substrate specificity. Some of the residues are highly conserved in the MBOAT family and therefore are probably involved in the acyltransferase mechanism. In contrast, other residues, including some close to the proposed active site, are only found in acetyltransferases, indicating their importance for the unique substrate specificity of these enzymes. However, mutation of individual residues failed to alter the specificity of EaDAcT and enable it to utilize longer acyl-CoAs. This direct comparison approach is complicated by the relatively low sequence identity and similarity between the DAcTs and other MBOATs, particular DGAT1 enzymes (Figure S8) , and suggests multiple residues might be involved in determining substrate specificity. Future studies, aided by the elucidation of the membrane organization of the enzyme, will therefore focus on altering multiple residues or regions of the protein that might be important for controlling substrate specificity.
EXPERIMENTAL PROCEDURES Seed collection and RNA isolation
Seeds were collected from local plants or purchased from commercial seed suppliers. Total RNA was isolated either from endosperm tissue (Celastraceae species) or from whole seeds (A. aestivalis) using an established procedure (Chang et al., 1993b) with the following modifications. Ground tissue was incubated in extraction buffer (2% hexadecyltrimethylammonium bromide, 2% polyvinylpryrrolidone K 30, 100 mM Tris-HCl pH 8.0, 25 mM EDTA, 2 M NaCl, 0.5 g L À1 spermidine, 2% ß-mercaptoethanol) at 65°C for 5 min. Protein and DNA were removed by extracting with 1:1 phenol:chloroform (v/v) twice. The final RNA-containing aqueous phase was mixed with LiCl to a final concentration of 3 M and incubated at À20°C overnight. RNA was precipitated by centrifuging at 11 000 g for 2 h and then washed with 70% ethanol.
Illumina sequencing and computational analysis
Total RNA was prepared for sequencing using Illumina TruSeq RNA kits and then sequenced on an Illumina HiSeq 2000 system to obtain 100 bp paired-end reads. Reads were stringently precleaned with PRINSEQ (Schmieder and Edwards, 2011) version 0.20.3 . Single k-mer assemblies were performed for k = 27 up to k = 57 with a step size 10 with Velvet (Zerbino and Birney, 2008) version 1.2.08 and Oases (Schulz et al., 2012) version 0.2.08. Single k-mer assemblies were merged Oases using k = 27. Merged assembly transcripts were clustered with MIRA (Chevreux et al., 1999) version 3.4 and CDHit version 4.6.1. BLASTX (Altschul et al., 1997) version 2.2.26 was run to search assembled contigs for putative homologs to the Arabidopsis genome. The script OrthologHitRatio.pl was used to estimate the percentage of the full protein coding sequence represented in the contig, or the ortholog hit ratio. Assemblies were filtered for contigs >400 bp and aligned used Bowtie2 version 2.1.0. Alignment counts were summarized using Count_reads_denovo.pl version 1.0. BLASTP was used to search the assembled contigs for sequences with high similarity to EaDAcT, which were selected for cloning. Protein sequences were aligned using Multiple Sequence Comparison by Log-Expectation (MUSCLE) (Edgar, 2004) . Phylogenetic analysis was performed with MEGA6 (Tamura et al., 2011) using the neighbor-joining method with the Poisson model. Divergence times for all branching points in the topology were calculated with RelTime (Tamura et al., 2012) using the branch lengths contained in the inferred tree. The topological organization of EaDAcT was predicted using the following algorithms: TOPPRED 2 (von Heijne, 1992), TOPCONS (Tsirigos et al., 2015) , OCTOPUS , SCAMPI (Bernsel et al., 2008) , TMfinder (Deber et al., 2001) , MEMSAT-SWM (Nugent and Jones, 2012) , and MEM-SAT-3 (Jones, 2007) .
Cloning, expression and mutagenesis of acyltransferase genes
Primers specific to EaDAcT (5 0 -GGAAGAAGCCGGTGATTGAT-GAAAG-3 0 and 5 0 -TTGGAGGTGGAGATGAAGTGTAAG-3 0 ) were used to amplify the coding regions of DAcT genes from cDNA isolated from different Celastraceae species. The 5 0 and 3 0 regions of these genes were then cloned with Rapid Amplification of cDNA Ends (RACE) kit (Epicentre, Madison, WI, USA). Transcription initiation sites were predicted using the NetStart 1.0 Prediction server (Pedersen and Nielsen, 1997) . First-strand cDNAs were synthesized using oligo dT primer and reverse transcriptase (SuperScript III; Invitrogen). Gene sequences containing full coding regions of DAcT orthologs were amplified from cDNA using Phusion polymerase (Thermo Fisher Scientific, MA, USA) and primers corresponding to the 5 0 and 3 0 end regions, and were cloned into the yeast expression vector pYES2/CT (Invitrogen), with the HA epitope coding sequence inserted to the 3 0 end of the gene sequences prior to the stop codon. Site-directed mutations were introduced using the Phusion site-directed mutagenesis kit (New England Biolabs, MA, USA). Primers used for cloning and mutagenesis are listed in Table S2 . Sequences encoding the cysteine-less EaDAcT variants were synthesized by Genewiz (South Plainfield, NJ, USA). All acetyltransferase genes were expressed in the TAGdeficient, quadruple knockout S. cerevisiae strain H1246 (Sandager et al., 2002) .
Microsome DGAT assay and lipid analysis
Microsomal protein isolation and in vitro DGAT assays were performed as described previously (Durrett et al., 2010) , except that galactose-mediated induction of protein expression occurred for 24 h, and the DGAT assay reactions contained 15 lg of microsomal protein and were incubated at 30°C for 15 min. Neutral lipids were extracted from plant tissues and dried yeast cells as described previously (Durrett et al., 2010) , except that yeast cells were collected after 24 h of induction. TAGs were quantified using ESI-MS as described previously (Bansal and Durrett, 2016b) .
Sucrose gradient fractionation
Cell lysate from yeast expressing EaDAcT was loaded onto a 10-70% discontinuous sucrose gradient in the presence or absence of 20 mM MgCl 2 and centrifuged at 100 000 g for 18 h. Fractions of 1 ml were carefully collected from the top, and 20 ll volumes of each fraction were separated with 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; GenScript, NJ, USA). EaDAcT-HA, Pma1 and Sec61 proteins were detected using immunoblotting.
Protease protection assays
Right-side-out microsomes were isolated as described previously (Liu et al., 2011) using Zymolyase-100T (Sunrise Science Products, San Diego, CA, USA). The microsomes were resuspended in microsome storage buffer containing 250 mM sorbitol, 50 mM potassium acetate, 20 mM Tris-HCl, pH 7.4. Protease protection assays were performed as previously described (Abeliovich et al., 1998) . Microsomal proteins (40 lg) were treated with proteinase K (0.3 mg ml
À1
) in the presence or absence of 0.02% Triton X-100 on ice for 1 h. Reactions were quenched by the addition of phenylmethylsulfonyl fluoride to a final concentration of 1 mM. Proteins were resolved with 10% SDS-PAGE and detected by immunoblotting for HA, cMyc and Kar2p.
Thiol-specific chemical modifications
EaDAcT cysteine residues were chemically modified by thiol-specific reagents as described previously (Liu et al., 2011) , with the following modifications. Each reaction contained 20 lg right-sideout microsomal protein, 20 mM NEM (Sigma Aldrich), 5 mM mPEG-mal (5 kDa; SunBio, Orinda, CA, USA) or 0.3% Triton X-100 as appropriate, and were incubated on ice for 1 h. Reactions were terminated by the addition of 100 mM dithiolthreitol (final concentration) to quench thiol-specific reagents.
Immunoblotting and protein quantification
Resolved proteins from SDS-PAGE were transferred to nitrocellulose membrane and incubated with the appropriate primary antibodies at the following dilutions: anti-HA antibody (1:10 000; clone 2-2.2.2.14; Thermo Scientific), anti-Kar2 (1:1000; clone sc-33630; Santa Cruz Biotechnology), anti Pma1 antibody (1:500), anti-Sec61 antibody (1:1000) and anti c-Myc antibody (1:3000; Santa Cruz Biotechnology) followed by incubation with secondary antibodies. For protease protection assays, membranes were incubated with goat anti-rabbit IgG-horseradish peroxidase (HRP) and rabbit anti-mouse IgG HRP-conjugated secondary antibodies, and the antibodies were detected using SuperSignal Wes Pico Chemiluminescent substrate (Thermo Scientific). For other experiments involving protein quantification, membranes were probed with goat anti-rabbit IgG Dylight TM 488 and goat anti-mouse IgG Dylight TM 633 antibodies (Thermo Scientific). The blots were scanned on a Typhoon scanner (model 9410; Amersham), with the signal for EaDAcT-HA obtained using the 633 nm laser, and signals for Sec61 and Pma1 obtained using the 488 nm laser. Protein abundance was quantified using densitometry analysis with ImageQuantTL software (GE Healthcare Life Science).
Accession numbers
AaDAcT, MF061247; CsDAcT, MF061248; EtDAcT, MF061249; EbDAcT, MF061250; EkDAcT, MF061251; EfDAcT, MF061252.
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